The juice of Ageratum houstonianum is used in folk medicine as an external wound healing aid for skin injuries. However, the active component of A. houstonianum and its mode of action in skin wound healing has not been investigated. This study was conducted to investigate the effect of A. houstonianum ethanolnolic extract (AHE) on the expression of aquaporin-3 (AQP3), an integral membrane protein for water and glycerol transport in keratinocytes, and to identify the structure of the A. houstonianum bioactive compound. Here, we show that AHE increased AQP3 gene expression at the transcriptional level through the p38 MAPK pathway in HaCaT cells. Furthermore, AHE ameliorated suppression of AQP3 expression caused by ultraviolet B (UVB) irradiation. Agerarin (6,7-dimethoxy-2,2-dimethyl-2H-chromene) was identified as the bioactive compound responsible for the up-regulation of AQP3 expression by enhancing the expression of the transcription factor circadian locomotor output cycles kaput (CLOCK). In conclusion, agerarin is a bioactive compound in AHE responsible for CLOCKmediated AQP3 expression in keratinocytes.
Water makes up about 60% of human body weight and plays an important role in maintaining tissue homeostasis in all biological physiologies. The skin contains about 30% of total body water and serves a waterproofing function for the body 1 . The skin is the soft, outer covering tissue and plays a key role in protecting the body against hazardous environmental threats, such as pathogens, external chemical insults, heat, and water loss. It is a highly organized multilayered epithelium, divided into two compartments: the epidermis and dermis. The epidermis is subdivided into several layers, including the stratum corneum, stratum granulosum, stratum spinosum, and stratum basale. The stratum corneum is located at the outermost part of the body and thereby functions as the primary permeability barrier, preventing water loss from the skin surface 2 . Multiple complex factors are involved in the skin wound healing process. It is generally accepted that maintenance of skin hydration is important for the healing of various skin injuries 3 . Failure of skin water homeostasis causes delayed wound healing, hypertrophic scarring 4 , and development of various skin diseases, such as psoriasis 5 and atopic dermatitis 6, 7 . Furthermore, a decrease in the hydration level of the epidermis directly up-regulates the expression of various pro-inflammatory cytokines, including interleukin (IL)-1β, IL-8, tumor necrosis factor-α, and matrix metalloproteinase 9, demonstrating that epithelial hydration status plays a critical role in optimizing wound healing 8 . Aquaporins (AQPs) are integral pore proteins that transport water molecules across the membrane 9 . In humans, at least 13 AQPs (AQP0-AQP12) have been identified to date. There are two types of AQPs: water-selective transporters such as AQP0, AQP2, AQP4, and AQP5; and water and glycerol transporters such as AQP3, AQP7, and AQP9 9 . Of these, AQP3 is highly expressed in the plasma membranes of keratinocytes and functions as both a water and glycerol transporter (aquaglyceroporin) in the basal layer of the skin epidermis 2, 10 .
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. It has been used for treating pain and infections, especially for healing of external wounds and skin diseases 15, 20 . However, the active component of A. houstonianum and its mode of action for curing skin wounds have not been investigated.
In this study, we aimed to investigate the effects of A. houstonianum ethanolic extract (AHE) on the expression of aquaporin-3 (AQP3). Our results demonstrate that agerarin can be used as a potential adjunct to enhance the treatment of various skin diseases by providing adequate hydration in the epidermis.
Results

AHE up-regulates AQP3 expression in HaCaT keratinocytes.
To investigate whether AHE alters the expression of the AQP3 gene, we first measured AQP3 mRNA levels in AHE-treated HaCaT human immortalized keratinocytes. HaCaT cells were treated with different concentrations (0, 5, 10, and 20 μg/mL) of AHE, and levels of AQP3 mRNA were measured by reverse transcription-polymerase chain reaction (RT-PCR) analysis. As shown in Fig. 1a , AQP3 mRNA expression was substantially elevated by AHE treatment in a dose-dependent manner. Quantitative real-time PCR (qRT-PCR) analysis was conducted to precisely quantify the dose effect of AHE on AQP3 mRNA expression. AQP3 mRNA levels were significantly increased 3.7 ± 0.57-fold (P = 0.0013) and 6.6 ± 0.96-fold (P < 0.0001) after treatment of AHE at 10 and 20 μg/mL, respectively, compared with basal levels (Fig. 1b) . To determine whether AHE-induced AQP3 up-regulation occurred at the transcriptional level, an AQP3 promoter reporter, pAQP3-Luc(−1090/+16), was generated and transfected into HaCaT keratinocytes. As shown in Fig. 1c , the luciferase reporter activity under control of the AQP3 gene promoter was significantly (P < 0.001) elevated when the cells were treated with AHE (>10 μg/mL). A time-course experiment revealed that increases in AQP3 mRNA were detectable as early as 6 h after AHE treatment, and levels gradually increased in a time-dependent fashion (Fig. 1d) . qRT-PCR showed that AQP3 mRNA levels were significantly increased 5.5 ± 0.75-fold (P = 0.0268) and 7.0 ± 0.86-fold (P = 0.0201) compared with basal levels after 12 and 24 h, respectively (Fig. 1e) . To further evaluate whether AHE induced the accumulation of AQP3 proteins, immunoblot analysis was performed to detect proteins in the lysates of AHE-treated HaCaT keratinocytes. In accordance with RT-PCR analysis, treatment with AHE led to a time-dependent elevation in the amount of AQP3 protein (Fig. 1f) . We confirmed AHE-induced expression of AQP3 proteins by flow cytometry. AHE dose-dependently elevated the population of AQP3-positive cells (Fig. 1g) , suggesting that AHE-induced AQP3 proteins are located on the cell surface membrane. Thus, the AQP3 gene is up-regulated at the transcriptional level by AHE treatment in HaCaT keratinocytes.
Inhibition of p38 MAPK abrogates AHE-induced AQP3 mRNA expression. Previous studies have
demonstrated that AQP3 expression is regulated by the mitogen-activated protein kinase (MAPK) pathway 21 . To gain insight into the regulatory mechanism controlling AQP3 up-regulation in HaCaT cells, we examined the effect of AHE on the activation of three major MAPKs: ERK1/2, JNK1/2, and p38 MAPK. Serum-starved HaCaT cells were treated with 20 μg/mL AHE for various lengths of time, and MAPK activation was assessed using phospho-specific antibodies. We found that levels of phosphorylated ERK1/2 gradually decreased, whereas increased levels of phosphorylated JNK1/2 and p38 MAPK were detected within 10 min of AHE treatment (Fig. 2a) . To assess the potential involvement of MAPK members in mediating AHE-induced AQP3 upregulation, specific chemical inhibitors were utilized. Pretreatment of HaCaT cells with the p38 MAPK inhibitor SB203580 significantly (P < 0.0001) abrogated AHE-induced accumulation of AQP3 mRNA, whereas the MAPK kinase 1/2 (MEK1/2) inhibitor U0126 and the JNK inhibitor SP600125 had little effect, as revealed by RT-PCR (Fig. 2b ) and qRT-PCR (Fig. 2c) . At present, although it is difficult to define the roles of the different MAPK pathways, it seems likely that p38 MAPK, at least in part, mediates AHE-induced AQP3 mRNA expression.
UVB irradiation reduces AQP3 expression in HaCaT keratinocytes. It has been reported that ultraviolet irradiation down-regulates AQP3 expression 22 . UVB irradiation over 20 mJ/cm 2 reduced AQP3 mRNA expression in HaCaT cells, as revealed by RT-PCR (Fig. 3a) . qRT-PCR showed that the relative expression of AQP3 mRNA was significantly decreased 0.4 ± 0.1-fold and 0.18 ± 0.076-fold (all P < 0.0001) compared to levels in untreated controls at doses of 30 and 40 mJ/cm 2 , respectively (Fig. 3b) . Time-course analysis showed that UVB-induced down-regulation of AQP3 mRNA expression began to be detected after 6 h of UVB irradiation (30 mJ/cm 2 ), as revealed by RT-PCR (Fig. 3c) . Similar results were obtained by qRT-PCR (Fig. 3d ). These data demonstrate that UVB irradiation at a dose of 30 mJ/cm 2 for longer than 6 h down-regulates AQP3 expression in HaCaT keratinocytes.
Scientific RepoRtS | 7: 11175 | DOI:10.1038/s41598-017-11642-x AHE overcomes UVB-induced suppression of AQP3 expression. We next attempted to determine whether AHE has the ability to ameliorate ultraviolet B (UVB)-induced suppression of AQP3 expression. HaCaT cells were treated with AHE for 30 min, followed by irradiation with UVB (30 mJ/cm 2 ). As shown in Fig. 4a , UVB-induced suppression of AQP3 mRNA expression was gradually ameliorated by AHE treatment. qRT-PCR showed that levels of AQP3 mRNA significantly (P < 0.0001) increased about 2-fold compared with basal levels following pretreatment with >10 μg/mL AHE (Fig. 4b) . Moreover, UVB-induced suppression of both AQP3 promoter activity (Fig. 4c) and AQP3 protein accumulation (Fig. 4d ) was inhibited by AHE treatment. We confirmed the effect of AHE on the accumulation of AQP3 protein by immunofluorescence microscopy. HaCaT cells cultured on a coverglass were pretreated with AHE before UVB irradiation. As shown in Fig. 4e , the reduction in AQP3 protein staining following UVB irradiation was inhibited by AHE treatment. These results suggest that AHE is able to overcome UVB-induced suppression of AQP3 expression.
Identification of agerarin as an active compound of AHE. To identify the active component responsible for AQP3 up-regulation, AHE was further fractionated using n-hexane, chloroform, and water (Supplemental Fig. S2a ). We observed that n-hexane fraction (AHE-Hx) significantly (P < 0.0001) inhibited UVB-induced suppression of AQP3 expression (Supplemental Fig. S2b ) and was able to induce AQP3 mRNA expression (Supplemental Fig. S2c ), suggesting that AHE-Hx contains active components responsible for the induction of AQP3. AHE-Hx fraction was further separated by a prep-high-performance liquid chromatography (prep-HPLC) with a Luna C18 column. As shown in Fig. 5a , a major peak was observed at 8.6 min in the chromatogram. The peak (named AG-H1) was a single compound as revealed by analysis with a photodiode array detector (Fig. 5b) . To elucidate the chemical structure, NMR spectroscopy was carried out using a Bruker AVANCE 400 spectrometer system. Twelve peaks were observed in the 13 C nuclear magnetic resonance (NMR) spectrum (Supplemental Fig. S3 ), and seven peaks were observed in the 1 H NMR spectrum (Supplemental Fig. S4 ). Distortionless Enhancement by Polarization Transfer (DEPT) data showed that this compound consists of three quartet, four doublet, and five singlet carbons (Supplemental Fig. S5 ). Since two carbon peaks at 56.1 and 56.7 ppm were attached directly to the proton peaks at 3.80 and 3.78 ppm, respectively, in the heteronuclear multiple quantum coherence (HMQC) spectrum (Supplemental Fig. S6 ), they were assigned two methoxy groups. The proton peak at 1.38 ppm attached directly to the carbon peak at 27.8 ppm was assigned a methyl group, and they were determined to be two methyl groups based on the integration value of the proton peak. Nine carbon peaks and four proton peaks showed the pattern of the chromene scaffold 23 . Based on interpretation of the total correlated spectroscopy (TOCSY; Supplemental Supplemental Table S1 . As a result, the AG-H1 peak was identified as 6,7-dimethoxy-2,2-dimethyl-2H-chromene (PubChem CID: 12565; named agerarin; Fig. 5c ). Agerarin is known as ageratochromene 24 or precocene II 25 . To confirm this structure, High resolution mass spectrometry (HR/MS) was carried out with ultra-performance liquid chromatography-hybrid quadrupole/time-of-flight mass spectrometry (UPLC-Q-Tof-MS). The data were collected as M + H ions as shown in Supplemental Fig. S11 . The calculated mass was 221.1178, and the mass found by HR/MS was 221.5345. These data demonstrate that the agerarin structure determined by NMR spectroscopy agreed with that obtained by HR/MS.
Agerarin alone induces AQP3 mRNA expression. We next explored whether agerarin alone increases AQP3 expression. RT-PCR analysis shows that treatment with agerarin alone markedly increased AQP3 mRNA levels, comparable in magnitude to the increase with AHE treatment (Fig. 6a) . qRT-PCR demonstrates that both AHE and agerarin increased AQP3 mRNA levels in a dose-dependent manner (Fig. 6b) . At the highest dose (20 μg/mL), AHE and agerarin significantly increased AQP3 mRNA levels by 6.27-fold and 7.17-fold, respectively, compared to vehicle control (p < 0.0001). There was a statistically significant difference between AHE and agerarin treated groups (P = 0.0357 by Sidak's mutiple comparisons test, n = 3). Furthermore, agerarin alone inhibited UVB-induced suppression of AQP3 mRNA expression, as revealed by RT-PCR (Fig. 6c) . Similar results were obtained by qRT-PCR (Fig. 6d ). These results demonstrate that agerarin isolated from AHE is responsible for the up-regulation of AQP3 expression.
Agerarin stimulates the circadian CLOCK gene expression. To investigate the molecular mechanism underlying AHE-induced AQP3 expression, we utilized agerarin. A previous report demonstrated that AQP3 expression in human keratinocytes is regulated by molecular clock genes, including Circadian Locomotor Output Cycles Kaput (CLOCK) 26 . On the basis of this study, we considered the possibility that molecular clock genes play an important role in agerarin-induced transcriptional activation of the AQP3 gene. To test this possibility, we first examined whether CLOCK is required for the induction of AQP3 gene promoter activity. HaCaT cells were transfected with the AQP3 promoter reporter, pAQP3-Luc(−1090/+16), along with an expression plasmid for CLOCK. In accordance with a previous report 26 , transient transfection of the CLOCK gene resulted in stimulation of promoter reporter activity in a plasmid concentration-dependent manner (Fig. 7a) . Moreover, a 5′-deletion construct (−198/+16) that lacks CLOCK binding sites (E-box) resulted in complete loss of CLOCK-induced promoter activation (Fig. 7b) . These data suggest that CLOCK plays an important role in AQP3 transcriptional activation. A time-course experiment showed that levels of CLOCK mRNA increased within 3 h, were maintained through 12 h, and then decreased at 24 h after the addition of agerarin (Fig. 7c) . qRT-PCR analysis revealed that agerarin-induced CLOCK mRNA levels were significantly increased 4.8 ± 0.79-fold (P < 0.0001), 7.0 ± 0.57-fold (P < 0.0001), and 3.3 ± 0.45-fold (P = 0.0021) compared with basal levels after 6, 12, and 24 h, respectively (Fig. 7d) . Immunoblot analysis showed similar results (Fig. 7e) . To determine whether agerarin-induced CLOCK up-regulation occurred at the transcriptional level, a CLOCK promoter reporter, pClock-Luc(−1000/+47), was generated and transfected into HaCaT keratinocytes. As shown in Fig. 7f , treatment with agerarin at 5, 10, and 20 μg/mL resulted in 1.9 ± 0.46-fold (P > 0.05), 3.8 ± 0.7-fold (P = 0.0003), and 6.7 ± 0.50-fold (P < 0.0001) increases, respectively, in luciferase reporter activity under the CLOCK gene promoter. These results demonstrate that CLOCK expression is up-regulated by agerarin isolated from AHE and is involved in the transcriptional activation of the AQP3 gene in HaCaT keratinocytes.
Silencing of CLOCK abrogates agerarin-induced AQP3 upregulation. To corroborate the functional role of CLOCK in agerarin-induced AQP3 expression, we established HaCaT variant cell lines expressing scrambled control shRNA (shCont) or CLOCK shRNA (shClock), using a lentiviral expression system. Stable knockdown of CLOCK expression was verified by RT-PCR. We further confirmed the silencing of CLOCK expression after agerarin treatment for 12 h, by RT-PCR (Fig. 8a ) and qRT-PCR (Fig. 8b) . We next addressed whether AQP3 expression is affected by the silencing of CLOCK expression. HaCaT cells were treated with agerarin for 24 h, and then AQP3 mRNA levels were measured by RT-PCR. Agerarin-induced AQP3 expression was markedly reduced in HaCaT/shClock cells compared with that in HaCaT/shCont cells (Fig. 8c) . qRT-PCR showed that agerarin-induced AQP3 mRNA expression was significantly (P < 0.0001) inhibited by the silencing of CLOCK (Fig. 8d) . These results strongly implicate CLOCK as the transcription factor responsible for agerarin-induced AQP3 mRNA expression.
Discussion
The juice of A. houstonianum has been used in folk medicine for external wound healing of skin injuries in Korea, Mexico, India, and Nepal 15, 20 . However, the mode of action of A. houstonianum in skin wound healing had not been investigated. Hydration status in the epidermis is important for maintenance of the skin barrier structure and the healing process following various skin injuries 27 . Aquaglyceroporin AQP3 plays an essential role in transporting both water and glycerol in the epidermal basal layer 10 . In this study, we evaluated the effect of A. houstonianum ethanolic extract (AHE) on the expression of AQP3 in human immortalized HaCaT keratinocytes. In addition, we identified agerarin as a bioactive component of AHE responsible for AQP3 up-regulation. To our knowledge, this is the first report showing the effects of AHE on AQP3 up-regulation in keratinocytes.
In the skin, AQP3 expressed on epidermal keratinocytes transports both water and glycerol from the dermis to the epidermis, thereby maintaining proper hydration levels in the epidermis. Glycerol is a substrate for the synthesis of triglycerides and various lipids in the living body. It has been demonstrated that AQP3-facilitated glycerol plays a critical role in the maintenance of skin hydration as well as in lipid metabolism and wound healing 11 . In this study, we found that AHE significantly elevated AQP3 mRNA expression in dose-and time-dependent manners. To determine whether AHE-induced AQP3 up-regulation occurred at the transcriptional level, we isolated the 5′-regulatory region of the human AQP3 gene located within 1.1 kb upstream of the transcriptional start site and subcloned this into a luciferase reporter vector, yielding pAQP3-Luc(−1090/+16). AQP3 gene promoter activity was significantly elevated by treatment with >10 μg/mL AHE, suggesting that AHE stimulates expression of the AQP3 gene at the transcriptional level. We next identified the chemical structure of the active component of AHE, 6,7-dimethoxy-2,2-dimethyl-2H-chromene (named agerarin) as revealed by 1 H and 13 C NMR spectrometry and confirmed that agerarin is able to stimulate AQP3 gene transcription. Skin hydration is controlled by circadian rhythms 28 . The circadian clock is a highly conserved molecular timing system that coordinates various metabolic and physiological processes within a period of ~24 h. In mammals, central circadian rhythms are regulated by a highly specialized master pacemaker located in the suprachiasmatic nucleus of the anterior hypothalamus, which receives and conveys environmental timing information to the local organs 29 . Peripheral tissue clocks also exist and are involved in the regulation of local metabolism and physiology 30, 31 . Indeed, a recent study demonstrates that a natural flavone called Nobiletin acts on the circadian clock to enhance glucose metabolism 32 , suggesting that pharmacological modulation of circadian clock can regulate physiological responses. Both central and peripheral circadian clocks are regulated by circadian transcription factors, such as CLOCK and BMAL1 (brain and muscle aryl hydrocarbon receptor nuclear translocator-like protein-1) 29, [33] [34] [35] . Circadian clock genes are also expressed in the human skin 36 and are involved in temperature control and cholesterol metabolism 37 . AQP3 expression oscillates with a period length of about 24 h, which is regulated by the CLOCK/BMAL1 circadian proteins in HaCaT keratinocytes 26 . In an effort to understand the molecular mechanism by which the AQP3 gene is regulated by agerarin, we tested whether the circadian gene CLOCK is involved in agerarin-induced AQP3 up-regulation. Our data showed that agerarin treatment caused the accumulation of CLOCK mRNA and protein levels within 6 h and 12 h, respectively. Promoter reporter assay revealed that agerarin-induced up-regulation of CLOCK is also regulated at the transcriptional level. As forced expression of CLOCK stimulated AQP3 promoter reporter activity, we hypothesized that agerarin-induced CLOCK targets the AQP3 gene in HaCaT keratinocytes. To corroborate the functional role of CLOCK in agerarin-induced AQP3 expression, we established HaCaT variant cell lines expressing scrambled control shRNA (HaCaT/shCont) or CLOCK shRNA (HaCaT/shClock), using a lentiviral expression system. Our data showed that stable silencing of CLOCK expression significantly attenuated agerarin-induced AQP3 expression, supporting the notion that CLOCK is directly involved in agerarin-induced AQP3 expression. Although further studies regarding the interactive mechanisms of agerarin-induced CLOCK transcription are required, our results demonstrate that agerarin enhances AQP3 gene expression through the activation of the circadian CLOCK protein.
MAPK signaling pathways, including ERK1/2, JNK1/2, and p38 MAPK, are well-known intracellular pathways that provide a mechanism for controlling the expression of tissue-specific target genes. Importantly, MAPK pathways are involved in the regulation of the circadian clock 38 . Our data showed that AHE rapidly induces the phosphorylation of JNK1/2 and p38 MAPK but not ERK1/2. We also observed that treatment with the p38 kinase inhibitor SB203580 but not with the JNK inhibitor SP600125 effectively inhibited AHE-induced AQP3 mRNA expression. These data suggest that the p38 MAPK signaling pathway may be involved in AHE-induced AQP3 expression in HaCaT keratinocytes. The role of p38 MAPK in regulating circadian rhythms in chicken 39 and fruit fly 40 has been demonstrated. The p38 MAPK pathway is also involved in TGFβ1-induced AQP3 up-regulation in human peritoneal mesothelial cells 41 . Thus, it is possible that agerarin-induced AQP3 up-regulation is mediated by p38 MAPK-dependent CLOCK expression. It would be interesting to address the role of p38 MAPK in the regulation of CLOCK-mediated AQP3 expression in future studies.
In conclusion, this study demonstrated that the ethanolic extract of A. houstonianum (AHE) has pharmacological activity, enhancing expression of the aquaglyceroporin AQP3 in HaCaT keratinocytes. We also showed that agerarin is a bioactive component of AHE, responsible for circadian CLOCK-mediated up-regulation of AQP3. Further work will be needed to examine the therapeutic potential and side effects of agerarin by using animal models of skin wounds to confirm the effects seen in the in vitro experiments presented here. 
Preparative high performance liquid chromatography (prep-HPLC).
A prep-HPLC was carried out using an Agilent 1100 instrument with a Luna C18 column (10 × 250 mm, ø = 5 µm). The mobile phase was a mixture of acetonitrile/methanol/water (v/v 30:50:20), and the flow rate and injection volume were 3.0 mL/min and 50 µL, respectively. The eluents were detected at 230 nm, using a photodiode array detector. The samples were dissolved in isopropanol.
Nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS).
For identification of the chemical structure, the following experiments were performed on a Bruker Avance 400 NMR spectrometer (9.4 Tesla; Karlsruhe, Germany): 1D-NMR experiments including 1 H NMR, 13 C NMR, distortionless enhancement by polarization transfer, and 2D-NMR experiments including COSY, TOCSY, HMQC, and HMBC. The sample was dissolved in CDCl 3 and transferred into a 2.5-mm NMR tube. Detailed experimental procedures were described previously 42 . HR/MS was carried out on a Waters ACQUITY UPLC system (Waters, Milford, MA, USA) with UPLC-Q-Tof-MS as described previously 43 .
Cell culture and reagents. HaCaT cells were obtained from the Cell Lines Service (Eppelheim, Germany) and were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA). Antibodies specific for phospho-ERK1/2 (Thr202/Tyr204), phospho-JNK1/2 (Thr183/Tyr185), and phospho-p38 MAP kinase (Thr180/Tyr182) were purchased from Cell Signaling Technology (Beverly, MA, USA). GAPDH antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Aquaporin-3 (AQP3) antibody was purchased from BOSTER (Pleasanton, CA, USA). An Alexa 
Reverse transcription-polymerase chain reaction (RT-PCR) and quantitative real-time PCR (qRT-PCR).
RT-PCR was performed as described previously 44 . Briefly, reverse transcription was performed using 1 μg of total RNA as a template and oligo(dT) primers. The resulting cDNA was subjected to PCR analysis, using gene-specific primers for AQP3 (forward, 5′-CCTTTGGCTTTGCTGTCACTCT-3′; reverse, 5′-CGGGGTTGTTGTAGGGGTCA-3′), CLOCK (forward, 5′-TAGGGTATTTGCCATTTGA-3′; reverse, 5′-GCCAAGTTCTCGTCGTC-3′), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; forward, 5′-ACCCACTCCTCCACCTTTG-3′; reverse, 5′-CTCTTGTGCTGCTGGG-3′). PCR conditions were as follows: denaturation, 94 °C for 30 s; annealing, 55 °C for 30 s; elongation, 72 °C for 1 min. The amplified products were subjected to electrophoresis on a 1% agarose gel.
For qRT-PCR, a TaqMan-iQ supermix kit (Bio-Rad) was used according to the manufacturer's instructions. TaqMan TM fluorogenic probes were designed by Metabion International (Martinsried, Germany). The sequences of primers for qRT-PCR were as follows: AQP3 (forward, 5′-CTTGAGCATCCACTGACT-3′; reverse, 5′-GGGTGAGGGTAGATAGGG-3′; TaqMan probe, 5′-6-FAM-CCCTTCACGATCCACCCTTTCA-BHQ -3′), CLOCK (forward, 5′-CCATCTAGTATGCCACAA-3′; reverse, 5′-TGACCTTGAGAAAATCTTA-3′; TaqMan probe, 5′-FAM-CAGTAACTACATTCACTCAGGACAGGC-BHQ-1-3′), and GAPDH (forward, 5′-TCGACAGTCAGCCGCATCTTC-3′; reverse, 5′-CGCCCAATACGACCACCTCCG-3′; TaqMan probe, 5′-Yakima Yellow TM-CGTCGCCAGCCGAGCCACATCGC-BHQ-1-3′). The relative mRNA expression was analyzed after normalization to GAPDH mRNA using the software program provided by the manufacturer. The data shown represent the mean ± SD (n = 3).
Immunoblot analysis. Immunoblot analysis was carried out as described previously 45 . Cell lysates (20 μg each) were separated by 10% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose filters. The blots were then incubated with primary antibodies and developed with an enhanced chemiluminescence detection system (GE Healthcare Life Sciences, Piscataway, NJ, USA).
Flow cytometry. Expression of the cell surface AQP3 protein was measured by flow cytometry. AQP3 protein was detected using 1:500 diluted ant-AQP3 antibody (BOSTER). The secondary antibody was 1:500 diluted Rhodamin Red X-conjugated anti-rabbit IgG (H + L) antibody (Jackson ImmunoResearch, West Grove, PA, USA). After washing three times with 5% bovine serum albumin in PBS, fluorescent intensities were measured on a BD FACS-Calibur (BD Biosciences, San Diego, CA, USA) using the FACSort program.
